Compartmental structures are the basis of a number of developing systems, including parts of the vertebrate head. One of the characteristics of a series of compartments is that mixing between cells in adjacent units is restricted. This is a consequence of differential chemoaffinity between neighbouring cells in adjacent compartments. We set out to determine whether mesenchymal cells in the branchial arches and their precursors show cell-mixing properties consistent with a compartmental organisation. In chimaeric avian embryos we found no evidence of preferential association or segregation of neural crest cells when surrounded by cells derived from a different axial level. In reassociation assays using mesenchymal cells isolated from chick branchial arches at stage 18, cells reformed into clusters without exhibiting a preferential affinity for cells derived from the same branchial arch. We find no evidence for differential chemoaffinity in vivo or in vitro between mesenchymal cells in different branchial arches. Our findings suggest that branchial arch mesenchyme is not organised into a series of compartments. q
Introduction
Compartmental structures play a pivotal role in the establishment of the vertebrate head. The hindbrain is an example of a vertebrate structure that is compartmental in origin and has been investigated extensively. A series of units termed rhombomeres are found, in which cell mixing is restricted at the interfaces between the individual units (Lumsden, 1999) . Evidence suggests that such restrictions cell mixing are the result of differential chemoaffinity between cells in adjacent rhombomeres (Guthrie and Lumsden, 1991; Guthrie et al., 1993; Wizenmann and Lumsden, 1997) . Bidirectional signalling via both Eph receptors and ephrins is required for this phenomenon (reviewed in Lumsden, 1999; Xu et al., 1999; Xu et al., 2000; Mellitzer et al., 1999) . The adhesion system regulated by ephrin/EPH receptor signalling in the hindbrain is not known, although it is thought to involve repulsive interactions between cells leading to deadhesion at rhombomere boundaries, perhaps via local inhibition of the activity of a widely-distributed cell adhesion molecule (Lumsden, 1999; Xu et al., 2000) .
The branchial arch series is another example of a serially repetitive structure in the head. The hindbrain and regions anterior to it give rise to one of the cellular components of the branchial arch series, the neural crest. As a result of these observations it has been assumed, though never directly tested, that branchial arches may also represent a compartmental series of structures. A number of genes show expression limits in mesenchyme that correspond to specific branchial arches (Hunt et al., 1991b) . In mutants defective in pharyngeal pouch formation, the expression boundaries of such genes remain restricted (Piotrowski and Nüsslein-Volhard, 2000) . This suggests that there may be intrinsic mechanisms within branchial arch mesenchyme that establish and maintain it in distinct, compartmental populations. Assuming that epithelial rhombomeres are a suitable model for the behaviour of branchial arch mesenchyme, intrinsic differences in chemoaffinity are a candidate mechanism mediating such mesenchymal cell behaviour.
In Xenopus three cephalic crest streams are formed in close proximity initially, but then separate into different arches during migration (Sadaghiani and Thiebaud, 1987) . Evidence indicates that Eph receptors and their ligands are required for the segregation of third arch crest from the surrounding crest streams in Xenopus. Interactions responsible for this experimentally-observed cell behaviour are intrinsic to derivatives of the neural plate, including the neural crest (Smith et al., 1997; Helbling et al., 1998) . Mutations are able to interfere with the migratory behaviour of crest cells in amniotes (Soo et al., 2002; Adams et al., 2001) . There is evidence that the development of different crest derived regions shows a high level of autonomy, suggesting a developmental rationale for controlling cell intermixing by compartmentation mechanisms (Lee et al., 2001) .
The strongest evidence for compartment-like behaviour of crest-derived tissues in an amniote vertebrate comes from a series of experiments involving grafts of crest precursors. After homotopic grafting of short sections of premigratory cephalic crest Köntges and Lumsden (1996) found sharp interfaces within skeletal elements between cells derived from crest populations arising at adjacent axial levels. Crest from a given axial level was also found to contribute to a region of a skeletal element, the tendon connecting that region of the element to a muscle, the fascia of that muscle and the insertion point of the muscle onto the neurocranium or other skeletal elements. This lead to the suggestion that regulation of cell adhesion may be important for regulating the interconnections of crest-derived cell populations with other tissues during formation of the musculo-skeletal system.
In previous work we had found that crest cells from a particular axial level showed more extensive patterns of cell dispersion after relocation within the head (Hunt et al., 1998) . This would be consistent with there being intrinsic differences in miscibility between crest populations. Repulsion between different crest cell populations and a greater intrinsic affinity of crest populations for cells of their own type would be predicted to result in greater dispersion of crest when experimentally relocated, e.g., by rotation.
If the branchial arch series behaves as a series of polyclonal, lineage restricted compartments, this would have a number of implications for the mechanism by which the basic organisation of the developing head is established and then elaborated. The phenotypes of mutations affecting craniofacial form would need to be considered in terms of their possible effects on cell mixing, rather than as alterations to an arch-specific developmental program (Hunt et al., 1991a; Rijli et al., 1993; Gendron-Maguire et al., 1993) . Alternatively, if no evidence for compartmental behaviour can be found, then the almost universal interpretation of the results of Hox knockout experiments in terms of transformations of segmental identity may need to be reassessed.
To investigate whether there are intrinsic differences in miscibility between crest cell populations we embarked upon the present study. We have investigated the mixing behaviour of crest cells and their derivatives when brought into contact in a number of ways. If in some instances crest populations mix with adjacent tissues, while in others they form segregated groups of cells, this would be evidence that intrinsic differences exist between cells in different crest populations. This would suggest that branchial arch development is based on a compartmental framework within the mesenchyme. Alternatively, if crest populations behave similarly when grafted to the same location regardless of source, this would argue against the establishment of polyclonal compartments within the mesenchyme as being the basis of branchial arch morphogenesis. This is the first time a systematic comparison of the extent and distribution of the contributions of different grafted crest populations to the branchial arches has been attempted. To address the same question in a different way, we investigated whether there was evidence for bias to the composition of cell clusters formed from reassembly of dissociated branchial arch cells in vitro.
Results
The initial in vivo part of this study is based on the analysis of 49 chimaeric embryos in which there was extensive contribution by grafted tissues to the branchial arches. 32 of the embryos analysed received two rhombomere length grafts, while 17 received single rhombomere grafts. Embryos in which graft healing was poor, where the graft had made little contribution to neural crest derivatives, or where no graft-derived tissues could be detected have been excluded from the following analysis. The operations performed, and the number of embryos analysed are shown in Tables 1 and 2 .
Contribution of grafts to contralateral branchial arches
The aim of this study is to compare the behaviour of grafted quail tissues in the context of a chick host. With a few exceptions discussed below, we found that the contribution of grafted cells was mixed with host-derived cells. The first question we wished to explore was the likely origin of host-derived cells in a branchial arch of mixed origin. The pattern of contribution of crest derived from different rhombomeres to the branchial arches in normal embryos is well established Shigetani Table 1 Recombinations involving pairs of adjacent rhombomeres analysed in this study
Graft Origin
Host Location r1-r2  r3-r4  r6-r7   r1-r2  5  1  4  r3-r4  7  2  2  r6-r7  6  3  2 For each permutation of graft origin and host location the number of informative embryos generated in this study is indicated. Embryos which did not survive the operation are not included. et al., 1995 and references therein, Fraser, 1998, 2000) . Fig. 1 shows sections of three different embryos which received homotopic grafts of neural folds corresponding to presumptive first, second and third and fourth arches respectively. In these examples there is a major, but not exclusive contribution of cells to the side of the embryo that received the graft, together with a smaller contribution to the contralateral side of the embryo. This demonstrates that grafted cells are able to cross the midline, and suggests that a likely origin of host cells in a mixed branchial arch is also from the contralateral side. To an almost exclusive extent, grafted cells contributed to a single branchial arch, or branchial arches 3 and 4 in the case of grafts made to the level of rhombomeres 6 and 7. Occasionally individual cells were found in branchial arches adjacent to the one colonized by the vast bulk of cells in the graft. For example, in Fig. 1C , a single graft-derived cell is found in the second arch on the left hand side, immediately to the right of the aortic arch artery. This is consistent with the findings of , who documented examples of individual cells crossing from one crest stream to another in 50% of the embryos they videoed.
From the timing of our operations we cannot exclude the possibility that a limited number of host-derived neural crest cells may have already emerged at a given axial level before we replace chick neural folds with quail. This provides a second potential source of host-derived cells in the chimaeras with branchial arches of mixed composition. Both these potential sources of host cells correspond to the axial level at which the graft is introduced. As the aim of these experiments was to investigate the ability of graftderived cells to mix with host cells at their implant site, the precise origin of the host cells is not important for this study.
In the examples that follow contributions of grafted cells to the side of the embryo that received the graft are illustrated and considered. In some cases there was a contralateral contribution as well as the one documented, in others the sole contribution of grafted cells was to the side illustrated.
Grafts of Rhombomere pairs
We first investigated the behaviour of grafts replacing crest of the presumptive mandibular region of the first branchial arch. Neural folds were removed unilaterally from rhombomeres 1 and 2, and replaced with quail folds from equivalent or non-equivalent axial levels. In normal development cells from folds corresponding to Table 2  Recombinations involving single rhombomeres analysed in this study   Graft Origin  Host Location   r4  r7   r1  7  3  r4  4  3 For each permutation of graft origin and host location the number of informative embryos generated in this study is indicated. Embryos which did not survive the operation are not included. Fig. 1 . Contribution of grafted cells to branchial arches on the side of the embryo that received a graft and to those on the side opposite the graft. All three cases involved homotopic grafts. Panel A shows a graft of rhombomeres 1 and 2, Panel B shows a graft of rhombomeres 3 and 4, while panel C shows a graft of rhombomeres 6 and 7. Grafted cells contributing to branchial arches on the side that received a graft are indicated by an unlabelled arrow, while contributions to the contralateral side are indicated by arrowheads. Abbreviations: aa; aortic arch artery, ba1; first branchial arch, ba2; second branchial arch, ba3; third branchial arch; ba4; fourth branchial arch, nc; notochord, nt; neural tube, p; cavity of pharynx, pe; pharyngeal endoderm, pp; pharyngeal pouch, se; surhace ectoderm, t; trigeminal ganglion. rhombomeres 1 and 2 would contribute to the first branchial arch. Fig. 2A shows a section of an embryo that received a homotopic graft of these neural folds. Graft-derived cells are mixed with those of the host, particularly in the more medial regions of the arch. Graft-derived cells are concentrated at the caudal aspect of the first arch, and have a relatively straight interface with material located in the second arch. Contribution by grafted cells to the mesenchyme surrounding the thyroid diverticulum was not found in this chimaera, although in other chimaeras of this type contribution to this region was found.
The consequence of replacing neural folds corresponding to rhombomeres 1 and 2 with folds corresponding to rhombomeres 3 and 4 of a quail embryo is shown in Fig. 2B . Regions adjacent to the caudal aspect of the first arch have a high concentration of grafted cells, while more rostral regions have a lower concentration of grafted cells mixed with those of host origin. The overall distribution of graftderived cells is similar to that found after the homotopic graft illustrated in Fig. 2A . Presumptive second arch cells have contributed to the first arch in a very similar manner to presumptive mandibular crest. In 2B grafted second arch Fig. 2 . Contribution to the branchial arches of cells derived from homotopic and heterotopic grafts of neural folds at Hamburger and Hamilton stage 9. The site of origin of grafts is indicated along the top edge of the figure. The position in which grafts were placed is indicated on the left hand side of the figure. Thus panel C shows a heterotopic graft of quail rhombomeres 6 and 7 to replace chick rhombomeres 1 and 2, while panel E shows a homotopic graft of quail cells to rhombomeres 3 and 4. All sections through the branchial arches are photographed under bright field illumination. In all panels note regions where graft-derived cells are mixed with host tissues, indicated by the arrowhead. In addition there are regions largely composed of grafted cells. In the more ventral sections there is a tendency for graft-derived cells to predominate at the caudal aspect of the mandibular process, irrespective of the graft source. Regions where graft-derived cells are in contact with host second arch material are indicated by small arrows. All photomicrographs are to the same scale with the exception of panel (G). Abbreviations: b1; first branchial arch, b2; second branchial arch, b3; third branchial arch, mn; mandibular region of first arch, th; thyroid diverticulum. cells have entered the region surrounding the thyroid diverticulum, an endodermal structure at an interface between endoderm of the first and third arches. An interface between grafted second arch cells and host second arch cells exists, indicated by the arrow. There is no evidence of selective accumulation of grafted second arch cells in the host second arch, and the interface between the two cell populations appears similar to that seen when first arch material is grafted as shown in Fig. 2A . This suggests that grafted second arch cells show no preferential affinity for host second arch material, implying that they do not differ in cell mixing properties from first arch cells.
The consequence of replacing presumptive mandibular crest with presumptive third and fourth arch neural folds is shown in Fig. 2C . Grafted cells mix with host first arch cells in a manner similar to presumptive mandibular arch material, and the interface of grafted cells with host second arch is similar to that obtained with a graft of presumptive first or second arch.
Similar behaviour to that already described was found when grafts were made so as to replace presumptive second arch crest. This is shown in Fig. 2D -F. Grafted cells behaved in a similar fashion to presumptive second arch crest, regardless of their actual origin. For example, we found no evidence for grafted first arch material demonstrating a preferential affinity for first arch cells. As shown in Fig. 2D , no (first arch) graft-derived material is found in the first arch, and where interfaces are found the demarcation is sharp.
The behaviour of a homotopic graft of presumptive second arch material is shown in Fig. 2E , while the consequence of using folds corresponding to the presumptive third and fourth arches is shown in Fig. 2F . With the third and fourth arch material the contribution was so extensive that almost no host cells are present in the crestderived mesenchyme of the second arch.
Replacement of presumptive third and fourth arch crest results in similar types of contribution to the branchial arch series, whether the graft is homotopic, as shown in Fig. 2I , derived from rhombomeres 1 and 2, as in Fig. 2G or from rhombomeres 3 and 4, as in Fig. 2H .
Grafts of Single Rhombomeres
In some of the cases illustrated above, for example Fig. 2F , the contribution of grafted cells was so extensive that it was difficult to assess whether grafted cells were capable of intermixing with host cells. For this reason we performed a series of experiments in which neural folds of lengths corresponding to single rhombomeres were relocated. The intention was to relocate neural folds that would produce less crest than the two rhombomere lengths of fold, allowing assessment of the ability of graft-derived crest to mix with host cells.
The consequence of relocating neural folds corresponding to rhombomere 1 to replace rhombomere 4 folds is shown in Fig. 3A and B. In the more dorsal section shown in Fig. 3A , graft-derived cells are found intermixed with host cells within the second arch. It is clear that there is no tendency for graft-derived cells to preferentially associate with each other. In the more ventral section shown in Fig. 3B the caudal aspect of the second arch is exclusively composed of graft-derived cells. Nevertheless in more anterior parts of this section the density of graft-derived cells is lower, and here they are intermingled with host cells.
A homotopic graft of rhombomere 4 crest is shown in Figs. 3C and 3D . A concentration of cells is found in the caudolateral part of the second arch in Fig. 3C , in which all cells are graft-derived. Nevertheless in the rest of the arch graft-derived cells are intermixed with host cells, for example in the region highlighted by an arrowhead. In a more ventral section of the same embryo the graft contribution is more extensive. Nevertheless there are a number of regions of lower cell density where there is considerable intermingling between host and grafted tissue.
The consequence of grafting folds corresponding to rhombomere 1 to rhombomere 7 is shown in Figs. 3E and F. Presumptive first arch cells are found dispersed amongst third arch tissue in Fig. 3E , while there is also intermixing in a more ventral section of this embryo shown in Fig. 3F . The more ventral section shows regions entirely composed of graft-derived cells. At the margins of of the graft-derived region there is intermingling of graft with host cells.
Grafting of rhombomere 4 folds to rhombomere 7 resulted in a low density of graft contribution. Graft derived cells are found intermixed with host arch 3 cells in Fig. 3G , with a contribution to the second arch in the vicinity of the aortic arch artery. In the more ventral section of the same embryo shown in Fig. 3H contribution to the third arch is found, with graft cells extensively intermixed with host cells.
Quantitation of Cell Density
By visual inspection and comparison of sections of chimaeras we found that graft-derived cells dispersed to a similar extent regardless of the source of grafted cells, or the position to which they were relocated. Each of the four branchial arches has a distinct anatomy, raising a potential difficulty when comparing the results of cells contributing to different branchial arches. We reasoned that if a cell population had any tendency to segregate from its surrounding cells then it would have a greater tendency to form discrete clusters of cells of its own type. Within such a cluster all cells would have neighbours of the same (graftderived) type. In contrast, if a different group of grafted cells were mixing more extensively with host-derived tissue they would have an increased tendency to have host-derived cells around them. A measure of this would be the distance from each grafted cell to the neighbouring graft-derived cells. If cells have a tendency to mix with their surrounding host cells then on average the distance to their graft-derived neighbours will be higher, and the graft-derived cell density . Panels E and F show sections of an embryo in which neural folds corresponding to rhombomere 1 were grafted to replace a section of rhombomere 7 neural fold. Both sections show evidence of mixing between graft and host. In panel F the contribution of the grafted tissue is so extensive that there are large homogenous blocks of graft-derived cells within the third arch. Panels G and H show sections of an embryo in which rhombomere 4 neural fold was used to replace rhombomere 7 neural folds. Abbreviations: b2; second branchial arch, b3; third branchial arch, b4: fourth branchial arch.
lower. If cells are less miscible with host cells at their location, the tendency will be for the distance to their neighbouring graft-derived cells to be less, and the graftderived cell density to be higher. If the neural crest precursors of the different branchial arches differ in their mutual miscibility, as do the cells of odd and even rhombomeres, then substantial differences in graft-derived cell density should be measurable between different classes of graft operation.
We initially made a quantitative measure of the nearestneighbour distance for the quail cell nuclei we detected in sections of chimaeric embryos. Using this approach we found that almost all chimeras analysed had a similar median nearest neighbour distance of around 9 mm. For this reason we measured the distance to the fifth nearest neighbouring nucleus, as we found that there was more variability between individual chimaeras in the median distances to the fifth nearest neighbouring nucleus.
The position of quail nuclei was logged using NIH ImageJ, and the 5th nearest neighbour to every identified quail nucleus was determined as described in the experimental procedures. An example of this method of analysis is shown in Fig. 4 , which shows a section of an embryo that received a graft of quail rhombomere 1 to replace rhombomere 7. Fig. 4A shows a section through cranial mesenchyme dorsal to the branchial arches, which also passes through a cranial ganglion containing some graftderived cells. Fig. 4B shows the same section after the position of quail nuclei had been logged. The program used superimposes a coloured spot on every position within the image file that is logged. The position of all nuclei within the neural crest mesenchyme of the section is recorded, while those cells within the cranial ganglion are excluded from the analysis. Fig. 4C shows the frequency distribution of 5th nearest cell distances for all the sections of this chimaera that were analysed. The distribution of distances is skewed, with a median distance to the 5th nearest neignbouring cell of 17 mm and an inter-quartile range of 8.7 mm. All chimaeras demonstrated a similar skewed distribution of cell densities of this type.
The densities of cells arising from grafts to different locations is shown in Fig. 5 , pooled by class of operation. Fig. 5A -C shows classes of operation grouped by position of graft origin within the donor embryo. In all cases the interquartile ranges overlap. With one exception that is discussed below, cells from a given position contributed to host tissues at a similar density, regardless of where they were actually placed. Fig. 5D -F shows classes of operation grouped by the position within the host embryo to which grafts were made. Once again, with the exception of r1 grafts to r4, grafted cells are found at similar densities when grafted to a particular location, regardless of their source.
In contrast to the other 11 types of graft, cells derived from grafts of rhombomere 1 to rhombomere 4 are found at a higher density compared to cells of similar origin grafted to other locations (Fig. 5A ). This result is anomalous, and we cannot offer an explanation for why this type of operation produces a different outcome to all others. As shown in Fig. 5E , the r1-derived cell density is higher than the cell density found when other types of graft are made to r4, including grafts of the combination of r1 and r2. Grafts of two rhombomeres to r3 and r4 would be expected to contribute more cells and reveal higher cell densities in the second arch than grafts of r1 alone. When rhombomere 3 and 4 are relocated to either the first or third arches ( Fig. 5B ) there is not a matching increase in grafted cell density. This, together with the result of relocations of r1 and r2 to the second arch, indicates that there is little general tendency for second arch material to segregate from cells of the first and third arches. It is possible to postulate a cell sorting system existed in which first and third arch cells are relatively mutually miscible, but are both less miscible with second arch cells. If this were so, then a corresponding pattern of cell segregation in a number of different types of operation would be expected to emerge. In particular, heterotopic relocations of second Fig. 5 . Plots of distance to 5th nearest cell for the operations performed in this study. Each symbol represents the pooled measurements from all sections of all chimaeras of a particular type. The height of the boxes represents the interquartile range of measurements of each operation type. The horizontal line dividing the boxes represents the median of the distances measured. The upper and lower bars represent the 5th and 95th centile of measurements from each sample respectively. The plots in panels A -C are of the same dataset as the plots in panels D-F, displayed twice to make two different types of comparison possible. Panels A-C; plots of grafts derived from the same location in the donor, grafted to different positions in the host. Panels D-F; plots of grafts derived from different locations within the donor, grafted to the same position within the host. The width of the boxes is of no significance; it reflects only the number of classes of operation on that particular chart. arch material would be predicted to be less miscible with first and third arch material. This is not the case.
In general the density of cells is similar when grafted to a given location, regardless of the source of tissue concerned. This suggests that crest cell populations are largely similar in their ability to mix with other cephalic crest precursors. In contrast to rhombomeres, mesenchymal crest-derived cells in the branchial arches do not show evidence of the differential chemoaffinity characteristic of compartmental behaviour.
Stability of marker gene expression in grafted cell populations
One possible explanation of the cell mixing results we have obtained is that there is plasticity of cell fate in grafted cells, similar to that observed when small numbers of mouse neural crest cells are isolated and grafted heterotopically (Trainor and Krumlauf, 2000a) . These findings have been subsequently replicated in zebrafish (Schilling et al., 2001) . A possible explanation for our findings is therefore that crest adopts a regional character appropriate for its new position, and hence is always able to mix with host tissues to a similar extent.
Neural crest from rhombomeres 3 and 4 normally expresses Hoxa-2, which is thus a marker for the second branchial arch (Hunt et al., 1991b) . Hox-a2 is known to bind to the promoter of EphA7, and thus is known to regulate the expression of a molecule implicated in the regulation of cell mixing in the hindbrain (Taneja et al., 1996) . For this reason, and the fact that Hox-a2 knockouts are the only mouse knockout to show homeotic transformation of cephalic neural crest-derived structures, we have used this as a marker of second arch identity. Fig. 6I . These findings demonstrate that even relatively isolated cells derived from originally large grafts remain Hoxa-2 positive. These findings, in which a population of dispersed quail cells retain Hoxa-2 expression contrast with those of Trainor and Krumlauf (2000a) in mouse. The total number of grafted cells is much greater in the present work and there is the possibility that our grafts include some quail paraxial mesoderm. These findings suggest that the neural crest cells derived from a pair of rhombomeres do not show plasticity when transplanted to an ectopic location as part of a large graft, even when they are subsequently found at low cell densities.
Couly and Grapin-Botton et al. (1998) performed a series of grafts of the neural folds of rhombomeres 1 and 2 (first arch) to replace the crest precursors of more caudal arches. They found that in all cases grafted first arch crest retained its lack of Hox expression, even though it came into contact with epithelial and other mesenchymal cells expressing Hox genes. To confirm that this was also occurring in this study, we investigated the expression of Hoxa-2 in an embryo in which rhombomeres 1 and 2 had been grafted so as to replace rhombomeres 6 and 7. Fig. 6J shows the distribution of grafted cells in a parasaggital section containing the fourth branchial arch, while Fig. 6K shows the distribution of Hoxa-2 in an adjacent section. In regions with extensive graft contribution there is little Hoxa-2 expression, indicating that the grafted cells are remaining Hox negative. Crest populations relocated caudal retain their regional identity, and hence are likely to retain their original cell surface properties in their new locations. Hence the ability of first arch crest to mix extensively in more caudal locations is an intrinsic property of this crest population.
In vitro assays of cell mixing in branchial arch mesenchyme
The chimaera experiments described above provide little evidence of differences in behaviour in crest-derived cells. This is hard to reconcile with a compartmental mode of development, in which cells from adjacent units differ in their relative chemoaffinity. For this reason we adopted a second experimental approach to detect evidence of cell mixing restrictions between mesenchyme from different branchial arches. Our model was the observations of Wizenmann and Lumsden (1997) , who showed that cells derived from dissociated rhombomeres demonstrated intrinsic differences in their chemoaffinity. In reaggregation assays set up with cells from different rhombomeres, preferential association of cells from the same type of rhombomere was found. Neuroepithelial cells can be dissociated by incubation in EDTA containing medium, flowed by trituration. This procedure is not effective with branchial arch mesenchyme, In this chimaera rhombomeres 1 and 2 were grafted to replace rhombomeres 6 and 7. Graft contribution to the fourth arch is indicated by the boxed area and with an arrow. Note that the areas containing grafted cells are largely negative for Hoxa-2 while adjacent chick-derived areas are positive. Abbreviations: b1; first branchial arch, b2; second branchial arch, b3; third branchial arch, b4; fourth branchial arch.
presumably because of the different nature of their cell:cell and cell:matrix attachments. A single cell suspension of branchial arch mesenchyme can be prepared by incubation of dissected branchial arches in pancreatin, which allows removal of epithelia. Single cell suspensions can then be prepared by trituration of the remaining mesenchyme. Inclusion of CellTracker dyes in the pancreatin digestion allowed the labelling of branchial arch mesenchyme.
Single cell suspensions were prepared using material from dissected branchial arches. CellTracker orange labelled cells from 5 arch pairs would be combined with the same amount of CellTracker green labelled material from an equivalent group of arches, or from a different arch. After a period of agitation, we reasoned that if branchial arch cells showed a degree of selective chemoaffinity, then they should show a greater tendency to aggregate with cells from the same arch than they would with cells of a different arch.
Combinations of labelled cells from branchial arches were set up in microtitre plates to investigate this possibility. After a period of 4 hours of mechanical agitation, clusters of cells formed in all cases. Fig. 7A illustrates one such experiment, in which two single cell suspensions of differently labelled first arch cells were mixed. Fig. 7B shows the appearance of the same field photographed under epifluorescent illumination. The image is an overlay of two photographs, one taken under a fluoroscein filter set, the other under a rhodamine filter set. Some clusters are composed of mixtures of cells from the two different sources, while others are entirely composed of cells from a single source. Fig. 7C shows an overlay of 7B and 7A. It illustrates that the majority of cells in aggregates were labelled.
Mixed aggregates of cells were observed whether cell mixtures were derived from the same type of branchial arch or from different branchial arches. For this reason the composition of clusters was quanitified, to determine if any tendency for cells to associate with other cells of their own arch type could be observed. In order to do this the position of labelled cells of each type was manually logged on photographs using NIH ImageJ. The position of cell clusters was also manually logged for the same field. The appearance of Fig. 7C after this process was completed is shown in Fig. 7D . The red boxes indicate the boundaries of clusters as manually defined using NIH ImageJ. By logging the positions of cells and clusters manually, the actual quantitation of cluster compositions could be achieved automatically. A Microsoft Visual Basic application was developed in order to do this, by comparing files of coordinates of clusters and individual labelled cells.
The results of this analysis can be presented as a series of contour plots, in which the permutations of different cluster compositions are represented by the intersection of the grid lines on the plots, and the colour of a given grid intersection gives the frequency with which the corresponding cluster composition was observed. Cluster composition frequency scores from photographs of five different fields from the same microtitre plate well were pooled, and the combined results plotted as a single contour plot. Five photographs were analysed of each microtitre plate well of each experiment. Fig. 8 shows such an analysis of an experiment in which single cell suspensions of arch 1 cells and arch 2 cells were mixed in different combinations.
Three other independent experiments were set up with four identical combinations of first and second arch-derived cells, with equivalent results to those presented here. Thus the total number of wells analysed in experiments comparing the reassociation properties of arch 1 and arch 2 cells was 16, 4 of each possible type of cell composition. Five photographs of each well were analysed, requiring 80 photographs in total to be analysed. Fig. 8A illustrates a frequency analysis of cluster compositions for the four combinations of cell suspensions set up in one experiment. Each well is represented by a contour plot. Arch one cells were mixed with arch one cells in one well, arch two cells were mixed with arch two cells in a second well. In two further wells arch one and arch twoderived single cell suspensions were mixed. The top left hand contour plot shows an analysis of the results of combining two different arch one-derived single cell suspensions. The most frequently found cluster compositions, with 18 or more examples of each, are represented by the magenta area of the frequency plot. They contained 2 red cells and no green cells, 1 red cell and 1 green cell, and 2 green cells and one red cell. This frequency analysis shows a single peak of cluster composition frequency, centred around these most frequently occuring cluster compositions. This type of frequency distribution would be expected for a mixture of two types of cells which show no selective preference for similarly-labelled cells when they reaggregate. The bottom right contour plot of Fig. 8A shows a similar finding after the reaggregation of two second arch cell suspensions.
If cells from different branchial arches differ in their intrinsic chemoaffinities, then mixtures of cells from different arches would be expected to show a tendency to reaggregate with (similarly labelled) cells from the same arch. This would produce a contour plot with two separate frequency peaks, one with a preponderance of green cells, and one with a preponderance of red cells. Reaggregations from combinations of cells from arch one and arch two are shown in the top right and bottom left on Fig. 8A . Only a single peak is present, as is found with combinations of cells derived from the same arch. This suggests that mixed reaggregates behave in a similar way to a reaggregates of cells from the same arch, and that there is no differential chemoaffinity between cells of the first and second arches.
Another way to look for evidence of differential cell chemoaffinity is to start from the opposite assumption; that cells reaggregate into clusters with no selective preference to include cells of one or the other type. In this case it would be expected that the frequencies of the different compositions of cell aggregates observed experimentally could be predicted entirely from the overall red and green cell composition of the wells as a whole. If the experimentallyobserved frequency distributions in some way differed from the type of frequency distributions produced by a random process, this would provide evidence suggesting some degree of selectivity in reaggregation. This would allow the detection of biases to reaggregation patterns without necessarily making any specific assumptions as to particular experimental outcomes. Thus if differential chemoaffinity is at work, but is not sufficiently strong to produce two clearlysegregated populations of cells, then experimentallyobserved frequency distributions would be expected to differ in some way from those produced by a random process.
A simulation of the reaggregation process was produced to test this idea. The total number of red and green cells observed in a well was counted to provide one of the inputs for the simulation. Red and green cells were then assigned at random (on the basis of their overall proportions from the total cell count) to a simulated set of cell clusters of identical sizes to those observed experimentally (see methods for further explanation). This simulated the formation of random aggregates from a red and green cell composition and a distribution of cluster sizes identical to those observed experimentally. This simulation was performed for each type of experimental cell combination, and a frequency analysis of the simulated clusters was produced.
Simulated data based on the clusters and total cell counts observed experimentally are shown in Fig. 8B . In each case the simulated data set shown is based on the experimental data set shown in the equivalent position in Fig. 8A . Comparing each experimental data set with its simulated equivalent, the experimental aggregates show patterns of frequency distribution entirely consistent with those produced by simulation of random aggregate formation. This is true whether cells of equivalent or different branchial arches are mixed. This suggests that cells of the first and second branchial arches at stage 18 do not show evidence of selective chemoaffinity for cells from the same arch.
An equivalent analysis was performed using cells prepared from the second and third branchial arches. Fig. 9A shows contour plots of frequency analyses of reaggregation assays using second and third arch cells. There is no evidence for segregation of second and third arch cells into two different types of aggregate. Comparison of experimentally observed data with simulated experimental findings in Fig. 9B suggests that random aggregate formation is the most likely explanation for the experimental findings of Fig. 9A . There is no evidence from these experiments of differential chemoaffinity between second and third arch cells.
Discussion
We find little evidence to support the idea that the branchial arches represent a series of compartments. In insect segments and vertebrate rhombomeres, epithelial compartments are maintained by the differential chemoaffinity of their component cells. If mesenchymal crest cells behaved as components of a compartmental system, then cells would mix with others of like nature. Cells of a like nature implies other cells from the same compartment, and may also include cells from next to nearest compartments. This seems to be case with rhombomeres, where there is evidence for a level of similarity in chemoafffinity between cells in different odd numbered rhombomeres (Guthrie et al., 1993; Wizenmann and Lumsden, 1997) . In contrast, when placed in proximity to cells from an adjacent compartment they should show a tendency to segregate. We found similar cell distributions and amounts of mixing between host and graft-derived cells with heterotopic grafts and homotopic grafts to the same location. For example, we find that cells in second arch grafts relocated to the first arch show no less a tendency to mix with first arch cells that do cells from first arch grafts. We found little tendency for cells derived from heterotopic grafts to associate with host cells of the same type in adjacent arches. Second arch cells grafted to arch 1 do not mix to any greater extent with adjacent, host-derived second arch cells than do first arch cells grafted to this location.
These findings were extended by our reaggregation assays of material isolated from branchial arches at stage 18. The frequency distributions of clusters observed experimentally were entirely consistent with those clusters having arisen by aggregation of cells at random. This suggests that mesenchymal cells isolated from the first, second and third branchial arches do not differ in their relative chemoaffinities for each other. This is in contrast to findings of reaggregation assays of isolated rhombomere cells (Wizenmann and Lumsden, 1997) . This argues against the idea that differential chemoaffinity becomes a feature of branchial arch mesenchyme by stage 18.
Second arch crest precursors relocated to the first arch retain at least one aspect of their second arch identity in that they continue to express Hoxa-2. First arch precursors maintain their lack of Hoxa-2 expression when relocated caudal. A component of the enhancer of EphA2 is a direct target for HOXA1 and HOXB1 (Chen and Ruley, 1996) , and EphA7 is a known to function downstream of Hoxa-2 in the hindbrain (Taneja et al., 1996) . EPH-mediated cell adhesion systems are one of the classes of genes regulated by the Hox genes. It is therefore likely that grafted cells are retaining their original cell surface properties after relocation. This means that our results are unlikely to be due to plasticity of crest populations. Our findings suggest that the branchial arches are examples of serially repetitive structures that are not compartmental in organisation.
Cell mixing between arches
In general we find that cell mixing between mesenchymal cells in different branchial arches is very limited, with sharp interfaces existing between material from different arches. had the ability to observe the migratory behaviour of the vast majority of cephalic crest cells in vivo over time. They found evidence for individual cells crossing between crest streams in 50% of the embryos they observed. They document an example of the daughter of a cell originally derived from arch 2 eventually migrating closer to arch 3. Our observations are entirely consistent with these findings of . We find examples of single cells in a different arch from that colonized by the vast majority of the other grafted cells. The question arises as to how significant such rare cell behaviours are in terms of branchial arch development as a whole. Unless evidence can be provided of significant developmental events being dependent on the presence of such individual arch crossing cells, we would suggest that the branchial arch development is best considered in terms of the behaviour of the vast majority of cells which stay within a particular crest stream.
Single cell labelling experiments of crest cells in zebrafish produced small clones of between 3 and 7 cells confined to a single arch, that respected the boundaries between arches (Schilling and Kimmel, 1994) . Homotopic grafts of avian crest contributed to the skull such that there were sharp interfaces between graft-derived and host cells within individual skeletal elements (Köntges and Lumsden, 1996) . The reason, we suggest, that cells rarely cross between crest streams, branchial arches or the structures derived from them is because clones of branchial arch mesenchyme cells disperse to a very limited extent. It is not because of intrinsic differences in cell mixing properties coinciding with crest in different streams and in different arches.
Cell Mixing and Crest Rotations
One of the observations that lead to this present study was our previous work involving rotation of extensive lengths of cephalic crest (Hunt et al., 1998) . In that study we observed that crest from rotated regions contributed to a greater range of branchial arches than would crest normally found at that axial level. At that time we suggested that the creation of novel appositions between crest populations arising at different axial levels was producing rerouting of crest migration. In the present study we have relocated rhombomeres 6 and 7 to rhombomeres 1 and 2, which can be compared to the fate of cells from rhombomere 7 after rotation in our earlier work. In the present work we find very little evidence for transplanted crest entering additional branchial arches to those entered by the crest normally found at that axial position.
Rotations involve a more extensive disruption to crest formation and migration than do transplantations. This would mean that in rotations there is more regeneration of crest from areas of the host flanking the graft. Dorsal neural tube ablation was also found to produce dramatic deviations in crest migration routes and somewhat chaotic movement behaviour in crest adjacent to the ablated region . The increase in cell mixing observed after crest rotation experiments may be associated with a similar response by crest adjacent to the cut edges of rotated sections of neural tube. In the present work the creation of novel appositions between crest populations arising at different axial levels does not seem to produce rerouting of crest migration. We believe that this is because the operative procedure employed here, involving reintroduction of size-matched quail tissue immediately after removal of chick, is less disruptive. A similar finding was made if a section of crest was ablated and then reintroduced to the same site . Removal of crest by genetic, rather than surgical means also has no effect on the migration routes of adjacent crest populations (Gavalas et al., 2001) .
Crest in rotations is also relocated in reversed polarity compared to the present work. This may provide an alternative explanation for its wider dispersion in rotation experiments.
Crest Specification and Plasticity
In our relocations of second arch crest to more anterior locations we found much evidence for stability of Hoxa-2 expression. Our findings confirm those of Couly and Grapin-Botton et al. (1998) , who found extensive evidence of autonomy of Hox expression in crest grafted to more anterior locations. These authors also documented a role for the neural tube in later crest development, in that ectopic grafts of crest were only able to give rise to skeletal structures appropriate to their original location if neural tube from the same axial level was included in the graft.
Transplantation of groups of crest cells in zebrafish revealed some stability of expression in ectopic locations. Nevertheless, in general more plasticity of Hox gene expression was observed, in that the outside of contiguous groups of cells transplanted anteriorly become Hox negative (Schilling et al., 2001) . In contrast we show that isolated groups of similarly grafted cells in birds can remain Hoxa2 positive. There may be a number of reasons for this discrepancy between our sets of findings. Even the "large groups" of zebrafish cells are much smaller than our neural crest grafts. There may be a difference in the relative strengths of the signals maintaining Hox expression stability or plasticity in fish and birds. Schilling et al. (2001) show a contiguous group of cells located in the position of a former crest migration stream beside the neural tube. The fish cells are in quite a different embryonic environment, similar to that of a cranial ganglion. The cells we observe are in a more ventral location and much later in their developmental history than those observed 6 -8 h after grafting by Schilling et al. (2001) even allowing for differences in developmental timetable between the two species. The cells we show are also well dispersed and integrated among host tissues in the branchial arches. Trainor and Krumlauf (2000a) provided evidence of plasticity in murine crest populations if small clusters of purified crest cells were relocated anterior. If paraxial mesoderm from the same axial level as the crest was included in the graft then they observed autonomy of Hox expression. On this basis it has been argued that axial specification is not a monopoly of any one embryonic tissue, but that neural tube, surface ectoderm, endoderm and non-crest mesenchyme are all involved in conferring axial-level specific identity (Trainor and Krumlauf, 2000a,b) . This has been subsequently demonstrated by experiments in which different cephalic tissues are induced to express Hoxa-2 by electroporation of expression constructs or retroviruses (Grammatopoulos et al., 2000) . Couly and Grapin-Botton et al. (1998) found that grafts of crest alone to caudal positions were able to maintain their original gene expression. Such grafts contained many more cells than those of Trainor and Krumlauf (2000a) , and for this reason it has been argued that community effects also play a role in the retention of gene expression in crest populations. Expression in a larger crest population will be more stable than in a small one (Trainor and Krumlauf, 2000b; Schilling et al., 2001) . Our findings are consistent with both of these studies, in that our grafts will have included dorsal neural tube and some non crest mesenchyme, as well as crest-generating neural folds. For this reason our grafts in the initial phases of migration will have been subject to a number of crestextrinsic influences known to reinforce the regional identity of crest. However, by the stage at which analysis of cell distribution in the arches was performed some of our grafted second arch cells were quite dispersed, and yet still retained Hoxa-2 expression. This suggests that there are situations in which small groups of cells can retain gene expression. One explanation may be that a community effect operates to maintain gene expression as long as the local density of Hox expressing cells is higher than a particular threshold. Consistent with this hypothesis is the observation that small groups of crest cells form transient chain-like structures during migration. This occurs in the cephalic region Fraser, 1998, 2000) and in other contexts, such as the colonization of the gut by enteric crest (Conner et al., 2003) . These contacts may be connected with maintenance of gene expression by community effects, as they would occur in grafts such as ours in which contacts between crest cells are maintained. They may be lost in experiments in which very small groups of cells are experimentally relocated (Trainor and Krumlauf, 2000a; Schilling et al., 2001) .
The maintenance of such cell contacts during migration would also provide an explanation of the limited anteriorposterior cell mixing observed in the present work and in other experiments (Schilling and Kimmel, 1994; Köntges and Lumsden, 1996 ). An alternative is that expression in crest is initially plastic at the time of emergence from the neural plate, requiring the influence of other structures for its maintenance. By the time crest migration is completed in contrast, expression in crest is quite stable. The latter would imply that the modes of maintenance of Hox expression in crest cells would vary over time (Maconochie et al., 1999; Manzanares et al., 2001) .
The influence of oral epithelium on Hox Expression
We consistently found inactivation of Hoxa2 expression in grafted arch 2 precursor cells that came to occupy positions underlying the oral epithelium of the mandibular process. In mammals the early steps of tooth formation involves production of Fgf-8 in the oral epithelium, which induces Pax-9 expression in the underlying oral mesenchyme in regions where the signal is not antagonised by BMP's (reviewed in Peters and Balling, 1999) . Birds evolved from toothed ancestors, and the initial components of the tooth induction pathway are conserved in birds at stage 28 (Chen et al., 2000) . The localised downregulation of Hox expression may be a consequence of processes leading to Pax-9 induction in these regions. We found very faint Pax-9 expression in the first arch of chimaeric embryos at stage 23 (data not shown), although it was too faint to determine if it precisely coincided with the Hoxa-2 negative domain in chimaeric embryos.
Crest Predetermination
The question then arises of whether the limited plasticity exhibited by crest populations can be taken as support for models explaining craniofacial development in terms of crest predetermination (Hunt et al., 1991a) . Recent work has produced evidence that is difficult to reconcile with the crest predetermination model (reviewed in Chambers and McGonnell, 2002) . It has been suggested that the pharyngeal endoderm, rather than neural crest may play a leading role in the establishment of craniofacial form . This was on the basis of grafts of pharyngeal endoderm that would include precursors of the oral surfaces. These regions are positive for Fgf-8 between stages 6 and 9 (Karabagli et al., 2002) . The influence of Fgf-8 on branchial arch patterning has recently been emphasised in a thought-provoking series of experiments (Trainor and Ariza-McNaughton and Krumlauf, 2002) . Fgf-8 was shown to be capable of inducing formation of duplicated first arch cartilages after implantation of growth factor-soaked beads into the second arch. The observation that Fgf-8 is likely to be able to inactivate Hoxa-2, a characteristic of second arch crest, is highly consistent with this newly identified role for Fgf-8 signalling in craniofacial development. It provides a simpler and more plausible interpretation for the outcomes of experiments frequently taken as direct evidence supporting the concept of crest predetermination, and may also explain the findings of Couly et al. (2002) . Given the work of Trainor and Ariza-McNaughton and Krumlauf (2002) , it is perhaps time to abandon the concept of crest predetermination as having any useful explanatory role in craniofacial development.
Cell Mixing and Pattern Formation in the Branchial Region
In contrast to the rhombomeres from which they derive, it is unlikely that crest derivatives in different branchial arches represent a series of compartments. Inactivation of Hoxa-2, associated with second arch crest, is the only example of a Hox mutation causing homeotic transformation of neural crest-derived structures (Gendron-Maguire et al., 1993; Rijli et al., 1993) . The early events of branchial arch formation are normal in these mice at the anatomical level (Rijli et al., 1993) . A sharp interface of neo expression between arches 1 and 2 was found in Hoxa-2-/-mice in which neo had been used to disrupt the Hoxa-2 locus at e13.5 (Kanzler et al., 1998) . This is consistent with the idea that disruption of Hoxa-2 does not cause general alterations in cell mixing. Experiments have been carried out involving electroporation of avian neural folds normally negative for Hox expression with constructs designed to overexpress Hoxa2, Hoxa3 and Hoxa4 . The migratory behaviour of crest cells from electroporated grafts was normal, suggesting that Hox genes and their targets are unable to influence cell mixing behaviour. The separation of different crest populations in the branchial apparatus appears to be a function of the pharyngeal endoderm, rather than an intrinsic property of the crest itself (Piotrowski and Nüsslein-Volhard, 2000; Gavalas et al., 2001) .
Although the function and shape of skull elements varies extensively in evolution, their pattern of interconnection with each other and nerves and muscles is highly conserved. The interconnected crest-derived elements contributing to much of a particular musculoskeletal unit are derived from crest arising at the same axial level (Köntges and Lumsden, 1996) . Either the cell properties responsible for this are only expressed when functional units of structures are assembled, or they are present all the time, but are unable to influence the association of crest cells during their migration or their derivatives in the branchial arches. It may be that the limited nature of anterior -posterior cell mixing observed in the present work and in other studies (Schilling and Kimmel, 1994; Köntges and Lumsden, 1996) is a factor to be considered in the maintenance of these highly-conserved patterns of tissue and organ assembly during evolution. A previous model for patterning the vertebrate head invoked the elaboration of a prepattern established in a series of compartments (Hunt et al., 1991a) . It is now more helpful to consider the organisation of the non-neuronal parts of the vertebrate head to be based on the ad hoc local assembly of interconnected functional units (Köntges and Lumsden, 1996; Küry et al., 2000; Lee et al., 2001 ) under the influence of local inducing factors (Trainor and Ariza-McNaughton and Krumlauf, 2002) .
Experimental Procedures

Branchial Crest Transpositions
Fertilised chicken and quail eggs were obtained from commercial suppliers. Chimaeric embryos were created by unilaterally introducing single quail neural folds corresponding to two rhombomere lengths into host chick embryos. Hosts were at Hamburger and Hamilton stage 9, while donors were from 9-to stage 9. Tissue fragments were prepared with tungsten needles sharpened by immersion in fused sodium nitrite. Neural folds were unilaterally isolated, as well as parts of their associated dorsal neural tube and surface ectoderm. These tissues were included so that the graft contained all of the presumptive neural crest from the neural fold at the axial levels in question. Asymmetries in the grafts were noted at time of isolation, to enable subsequent orientation within the host. It is possible that some paraxial mesoderm adhering to the ventral surface of the epithelial tissues was included in the grafts. Paraxial mesoderm can be distinguished from neural crest derivatives in the chimaeras as distinct tissue blocks in the core of branchial arches, the muscle plates. A limited contribution of grafted tissue to the muscle plates was observed in some chimaeras; however the vast majority of cells were located in structures known to be neural crest derivatives. The location of rhombomere boundaries was identified by morphological criteria, as described in Hunt et al. (1998) , while the extent of grafts (two rhombomere, single rhombomere or half rhombomere lengths) were determined by measurement from the morphological landmarks apparent at the time of operation. In all cases a morphological boundary demarcating one end of a graft could be identified.
Fixation, embedding and sectioning
Chimaeras were fixed three days after operation, at stage 23. The fixatives used were either Serra's (10% glacial acetic acid, 30% formalin, 60% ethanol) or 4% paraformaldehyde prepared in phosphate buffered saline (PBS). The latter fixative was used in tissues in which both QCPN antigen and mRNA was to be detected. After fixation, chimaeras were embedded in paraffin wax, and sectioned at 6 mm. Sections were mounted on either glycerin albumin treated slides if QCPN detection was to be performed or preprepared, RNase free polylysine coated slides (Merck), using DEPC treated water for in situ hybridisation.
Immunohistochemistry
Chimaeras were analysed from serial sections, to ensure that grafted cells were not missed because of partial penetration of reagents through solid tissues. The immunohistochemistry protocol is derived from that of Köntges and Lumsden (1996) . Briefly, sections were dewaxed, rehydrated through a series of ethanols and then washed in PBS, before incubation for 15 min at room temperature in 0.3% hydrogen peroxide in PBS. After further PBS washes slides were incubated for 1 h at 37 8C in 1 ml 10% foetal calf serum in PBS to block non-specific antibody binding. After blocking, slides were rinsed in PBS, before being overlaid with undiluted QCPN hybridoma culture supernatant and incubated overnight at 4 8C.
Slides were washed 3 times in the humidified tray with PBS, then incubated at 4 8C for 2 h in a 1:250 dilution of peroxidase-conjugated secondary antibody (Sigma) in 95% PBS, 5% goat serum. Slides were rinsed 3 times for 5 min in PBS at room temperature in their trays, after which colour reaction was performed. A peroxidase reaction was performed for 30 min at room temperature using tablets of diaminobenzimide and hydrogen peroxide/urea (Sigma), dissolved to give concentrations of 0.7 mg/ml DAB, 1.6 mg/ml Urea Hydrogen peroxide in 0.06 M Tris buffer.
Sections were washed in PBS, photographed fresh and then dehydrated through an ethanol series to be mounted in DPX under a cover slip. In some cases slides were rephotographed at this stage.
Quantitation of Cell Density
Grafted cells contributed to cranial mesenchyme and also other tissues, such as cranial ganglia and muscle plates. Differences in tissue architecture would be expected to result in different cell densities. For this reason only the contribution of quail cells that could be identified as neural crest-derived mesenchyme on the basis of its position and appearance were considered. Cells contributing to the cranial ganglia and paraxial mesoderm-derived muscle plates were noted and excluded from this analysis. Quail nuclei were identified manually in all sections. The X -Y position of quail nucleii in TIFF images of sections of chimaeras was logged using NIH ImageJ, and exported as a file of coordinates. A visual basic program was written to search through the files of coordinates and identify the fifth nearest nucleus to each nucleus represented in the coordinate file. The program calculated the distance to the fifth nearest nucleus, and the result was exported to a second file, which contained the distance to the 5th nearest nucleus for every position logged. Only nucleii within the same section were considered in the search for neighbouring nucleii. 5th nearest nucleus data from all sections containing stained cells of a given chimaera were pooled. Frequency distributions of 5th neighbour distances were produced using Microsoft Excel, with SPSS Sigmaplot used to produce box plots of the data.
In situ Hybridisation
In situ hybridisation was carried out with a protocol based on that of Rex and Scotting (1994) , with the modifications of Rex et al. (1997) on adjacent sections to those analysed by QCPN immunohistochemistry. Sections were dewaxed, rehydrated through a series of methanols prepared with DEPC, washed twice with DEPC PBS, then incubated for 15 min in 20 mg/ml proteinase K in 100 ml DEPC PBS. Slides were post fixed for 20 min at room temperature in 4% Paraformaldehyde in DEPC PBS then dehydrated through a methanol series and air dried. An antisense Hoxa-2 probe (Prince and Lumsden, 1994) in hybridisation buffer was applied to the sections, and hybridisation was performed overnight at 70 8C.
After hybridisation, slides were washed twice in 5 £ SSC pH 4.5, 50% deionised formamide, 10% SDS, followed by two washes in 2 £ SSC, 50% formamide, 10% SDS, in all cases at 70 8C. Slides were then washed in TBST (25 mM Tris pH 7.5, 140 mM NaCl DEPC, 0.1% Tween-20), before treatment with 30 mM levamisole in TBST for 30 min at room temperature to inactivate endogenous alkaline phosphatase activity. Sections were then blocked for 30 min at room temperature in 1% blocking reagent (Boehringer Mannheim) in TBST. Slides were then incubated overnight at 4 8C in a 1:5000 dilution of anti Digoxigenin Fab fragment/ alkaline phosphatase conjugated secondary antibody (Boehringer Mannheim) in 1% goat serum. After three TBST washes at room temperature, slides are then washed three times in NTMT buffer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris pH 9.5, 2 mM levamisole, 0.1% Tween-20). Alkaline phosphatase activity was detected by incubation in the dark at room temperature with 35 mg/ml NBT, 15 mg/ml BCIP (Promega) in NTMT buffer, as per manufacturer's protocol. Colour reaction development time varied from 24 to 48 h. When staining was optimal, reaction was stopped by immersion in PBS, and sections were photographed. Slides were then dehydrated and mounted in DPX for permament preparations. In some cases slides were rephotographed at this stage.
Photography
Sections were photographed using a Zeiss axiovert 135 inverted microscope using bright field optics. Images were obtained in TIFF format using a Spot RT slider digital camera system (Diagnostic Instruments).
Reassociation Assays
The first second and third branchial arches were dissected from chicken embryos at stage 18. Pools of branchial arches were incubated for 20 min in pancreatin at 37 8C, to permit the separation of mesenchyme from surface ectoderm and pharyngeal endoderm. Epithelial tissues were then removed by mechanical dissection with tungsten needles. While digesting in pancreatin, cells were simultaneously labelled with either Cell Tracker Orange (CMTMR, C-2927) or Cell Tracker Green (CMFDA, C-2925) (Molecular Probes) to allow subsequent identification. 10 mM stocks of the dyes were prepared in DMSO, and added to the pancreatin digestion to give a final dye concentration of 1 mM.
After removal of the epithelia, a single cell suspension of branchial arch mesenchyme cells was prepared by trituration. Cells were then pelleted by brief centrifugation, and then washed twice in Tyrode's saline containing 10% foetal calf serum. Cells were resuspended in Hank's MEM with 25 mM HEPES containing 10% foetal calf serum. Combinations of cell suspensions from the same or different branchial arches were set up in a final volume of 200 ml in 96-well microtitre plates, to which a section of Teflon tubing was added to act as a stirrer. Cells were agitated at 240 rpm on a rotational shaker platform at 37 8C for 4 h, before fixation and observation of the resulting cell clusters.
Cell clusters in each well were photographed under epifluorescent illumination using fluorescein and rhodamine filter sets. The positions of both cytotracker green and cytotracker orange labelled cells, appearing as green or red respectively, were logged in each photograph using NIH ImageJ. The boundaries of any cell cluster containing one or more fluorescent cells were also logged. Two files of cell position coordinates and one file of cluster position coordinates for each individual photograph were generated. A visual basic application was created which compared cell and cluster coordinate files from individual sets of photographs, in order to count the number of labelled cells of each type within each of the manually-defined clusters. The frequency of the different cluster compositions (eg. the number of separate clusters containing three green cells and one red cell etc.) were determined. Cluster frequency distributions from 5 photographs were pooled and used to produce a contour frequency plot for each well.
Simulated data sets were also prepared for comparison with the cluster compositions observed experimentally. The total number of green and red cells identified in each photograph was calculated. The total number of fluorescent cells, both red and green, was then calculated for each identified cell cluster. A list of observed fluorescent cell counts was produced corresponding to all of the clusters in a photograph containing one or more fluorescent cells. These observations from photographs of recombination experiments were then used to generate a simulated cluster dataset. Using the visual basic application, labelled cells were assigned at random on the basis of their proportion in the photograph as a whole to clusters of sizes corresponding to those observed experimentally. This produced a list of simulated clusters, which could then be used to produce a simulated frequency analysis. For each photograph analysed, a simulated dataset was produced for frequency analysis. Pools of frequency analyses derived from observation of 5 photographs of the same well obtained experimentally could then be compared to 5 pooled simulated datasets prepared from the same photographs.
For example assume that in a photograph of one well 40 red cells were observed and 60 green cells. From experimental observations, the 100 fluorescent cells were found to grouped in clusters of more than one cell containing the following numbers of labelled cells (for arguments's sake): 1,1,1,1,1,1,2,2,2,2,3,3 ,3,4,4,4,5,5,5,6,6, 7,7,9,15 . The program would start with the first cluster, containing one cell, and assign one cell to it. On the basis of the measured total cell composition, it was assumed that there was a 40% chance that this would be a red cell, and a 60% chance it would be a green cell. Assume that as a result of a random selection with these odds, the program assigned the first cluster a green cell. This leaves 59 green cells, and 40 red cells. For the next cluster, also containing one cell, a cell would be assigned, once again at random, with a 59/99 chance of being green, and a 40/99 chance of being red. When all clusters containing one labelled cell had been assigned cells, the program would assign two of the remaining unassigned cells at random to the first 2 cell cluster, and so on. This process would continue until all counted cells had been assigned at random to clusters. The end result is a simulated data set with an identical overall cell composition as the experimentally observed dataset, but in which cells had been assigned at random to clusters.
